We have made Chinese hamster ovary (CHO) cell lines that contain up to 2000 copies of the coding region of the mouse c-myc gene fused to the promoter of the Drosophila gene (hsp7O) encoding a Mr 70,000 heat shock protein. Incubation of these cells at 430C results in an estimated 100-fold induction of c-myc mRNA. Translation of this mRNA occurs when the cells are returned to 370C, and during the first 3 hr of recovery at 37C, the c-myc protein is one of the most abundantly synthesized proteins in the cells. Graham and van der Eb (26). Six independent cell lines were established, from which four (4-HS-MYC, 5A-HS-MYC, 5B-HS-MYC, and 6A-HS-MYC) were grown in stepwise 4-fold increasing concentrations ofmethotrexate, starting with a concentration of 0.005 ,uM and ending with 320 ,4M. Cells were allowed to acclimate to each increased level of selection for 2-4 weeks.
Purification and characterization of a protein is greatly aided by starting with a cell population that overexpresses that protein. Strategies that allow overproduction of protein have been devised for bacterial, yeast, insect, and mammalian systems (1) (2) (3) (4) . Inducible expression systems have been used in bacteria and yeast to overproduce proteins that might prove toxic if expressed constitutively (5, 6) . Overexpression of protein in mammalian systems has to date been accomplished either by amplifying the appropriate gene, resulting in constitutive overexpression (7) (8) (9) (10) , or by introducing the expressed gene on a viral genome to achieve transient overexpression (11, 12) . The former technique requires long-term passage in tissue culture, and thus is not useful for proteins that are cytotoxic. The latter technique is relatively cumbersome and is inappropriate for potentially biohazardous proteins.
The protein product of the c-myc gene has been shown to play a causal role in tumor formation in several avian and mammalian systems (13) (14) (15) . It is expressed at very low levels in normal cells, and inappropriate increases in the level of c-myc protein can apparently transform a normal cell to a tumor cell (14) (15) (16) (17) (18) (19) . It has not yet proved possible to establish mammalian cell lines that produce c-myc protein at levels greater than 20-fold above normal levels, suggesting that constitutive overproduction of the protein might prove cytotoxic (unpublished observations). Although overproduction of c-myc has been achieved in Escherichia coli, yeast, and insect systems (20) (21) (22) , it is not clear whether it is possible to obtain a properly modified and properly functional protein in nonmammalian cells. We report here the establishment of mammalian cell lines that inducibly overproduce the c-myc protein. We (26) . Six independent cell lines were established, from which four (4-HS-MYC, 5A-HS-MYC, 5B-HS-MYC, and 6A-HS-MYC) were grown in stepwise 4-fold increasing concentrations ofmethotrexate, starting with a concentration of 0.005 ,uM and ending with 320 ,4M. Cells were allowed to acclimate to each increased level of selection for 2-4 weeks.
Plasmids. Plasmid pCVSVEII has been described (25) . Construction of pHS-myc was as follows. pSV2myc (27) was cut with Xba I, the ends were filled with Klenow polymerase, and the plasmid was cut with BamHI. The c-myc-containing fragment was cloned into HincII/BamHI-cut pSP6&HS-9 to obtain pHS-myc. pSP6-HS-9 contains a HindIII-Pst I fragment from p232.3 (28) that encodes a Drosophila hsp7O promoter inserted into Pst I/HindIII-cleaved pSP65 (29) .
Analysis of RNA and DNA. Isolation and analysis of cytoplasmic RNA was performed as described elsewhere (30, 31) , using radiolabeled RNA probes prepared with SP6 polymerase. Analysis of genomic DNA from cell lines was done by standard techniques (32) .
Induction of Recombinant Cell Lines. Recombinant cells were plated the day before induction at 60-80% confluence in 10-cm tissue culture dishes. They were heat-shocked by feeding with 43°C medium and were incubated at that temperature for 1-2 hr. Medium at 37°C was then added and the cells were allowed to recover at 37°C for the indicated time before harvest, usually 3-4 hr.
Analysis and Identification of c-myc Proteins. For lysis, 2 ml of RIPA buffer (0.01 M Tris HCl, pH 7.2/0.15 M NaCl, 1% Triton X-100/0.1% NADodSO4/1% sodium deoxycholate/ 0.02% NaN3) was added to 50-60%-confluent cells in 10-cm dishes. The highly viscous solution was sonicated three times for 5 sec on ice. NaDodSO4/PAGE and immunoblot analysis were performed using 12% gels (33, 34) . Immunoprecipitations were performed by a modification of the standard procedure (35) . For immunodetection, polyclonal and monoclonal antibodies raised against a portion of the human c-myc protein that is conserved from human to mouse were used. These antibodies were a generous gift from R. Chizzonite (Hoffmann-La Roche).
Proc. Natl. Acad. Sci. USA 83 (1986) 5415 RESULTS Amplification of the c-myc Gene in CHO Cells. Initial attempts to amplify the c-myc gene fused to a constitutive promoter were unsuccessful (data not shown), leading us to make plasmid pHS-myc (Fig. 1) . This plasmid links a Drosophila hsp7O promoter region, which has an extremely low basal level of expression, and the second and third exons of a mouse c-myc gene isolated from a plasmacytoma (14) . In pHS-myc, the first ATG 3' of the hsp7O transcription initiation site is that of the c-myc protein. Plasmids pHS-myc (5 jig) and pCVSVEII-DHFR (1 ,ug) (Fig. 1) (7, 8) .
After establishment in 320 ,uM methotrexate, the copy number of the introduced c-myc gene in each cell line was determined by Southern blot hybridization. Genomic DNA, cleaved with HindIII and transferred to nitrocellulose, was hybridized with a mouse c-myc-specific RNA probe (Fig. 2 , lanes 6-9). In comparison to reconstructions made using the plasmid pHS-myc, the recombinant cell lines contained approximately 900 (line 4), 2700 (SA), 90 (5B), and 1500 (6A) copies of the introduced c-myc gene (Fig. 2 ). These levels of DNA were the result of amplification of copy number during selection, as demonstrated for line SA in Induction of c-myc mRNA in Recombinant Lines. To determine whether transcription ofthe amplified c-myc gene in the recombinant cell lines could be induced, RNA was isolated from growing cells incubated for 2 hr at either 37°C or 43°C. RNA was hybridized to an internally labeled RNA probe, digested with RNase, and analyzed by electrophoresis in polyacrylamide gels (Fig. 3) . In both the original isolates of the cell lines (lanes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and the amplified cell lines (lanes [11] [12] [13] [14] [15] [16] , the amount of appropriately initiated message from the hsp70-c-myc fusion gene was substantially increased after heat shock. The level of RNA after induction increased as DNA copy number increased (Fig. 3A, lanes 11-16) . The recombinant genes remained highly inducible, even in the amplified cell lines (lanes 5, 6, 15, and 16) . c-myc RNA levels continued to increase with increasing time of heat shock through 3 hr (data not shown) and remained relatively constant for 3 hr after the temperature shift (Fig. 3B) (Fig. 5) .
DISCUSSION
Amplification of an Inducible Gene. In order to fully understand the function of the gene product of the cellular oncogene c-myc, it will be necessary to purify and characterize the protein. As an initial step toward this goal, we have made mammalian cell lines that overproduce the mouse c-myc protein. Our strategy, creation of an amplified heatinducible c-myc gene, was chosen to circumvent potential problems resulting from amplification of constitutive genes expressing toxic products. Using DHFR-mediated amplification of a silent Drosophila hsp7O promoter/c-myc fusion, we were able to establish stable cell lines containing approximately 2000 copies of the recombinant c-myc gene (Fig. 2) One potential problem was that cellular factors responsible for induction of the hsp7O promoter region might be limiting, resulting in an inability to effectively induce the amplified hsp70/c-myc construction. However, we could detect no substantial limitation in the inducibility of the amplified cell lines as compared to the starting cell lines (Fig. 3) . Final induced levels of RNA increase as gene copy number increases, and we estimate that the degree of induction of the Drosophila hsp7O promoter in these lines is at least 100-fold.: -8) , and CHO-DUKX (lanes 9 and 10) were analyzed. Cells were grown at 370C (lanes 1, 5, and 9) or were incubated at 430C for 2 hr and allowed to recover at 370C for 1 hr (lanes 2 and 6), 2 hr (lanes 3, 7, and 10) or 3 hr (lanes 4 and 8) . Bands labeled 5'-end migrate at 90 bases in denaturing gels. Lane M: 1-kilobase "ladder" (Bethesda Research Laboratories).
A second potential problem results from observations that heat shock adversely affects RNA processing and translation (40, 41) . Indeed, we could not detect any synthesis of c-myc protein immediately after heat shock despite the presence of high c-myc message levels. However, synthesis of c-myc protein occurred after the cells were allowed to recover at 37TC. c-myc protein levels increased rapidly during the first 3-4 hr of recovery and continued to increase slightly over the next 6 hr (data not shown). We have used the shorter recovery period because of the cytotoxic effects that cause loss of cellular integrity after longer periods of recovery (Fig.  5) .
One apparent reason that c-myc protein levels increase throughout recovery is that the level of c-myc message remains relatively constant and high (Fig. 3B) . We have not determined whether this is due to high stability of the recombinant c-myc message, continued high promoter activity, or a combination of these effects. By comparison to known amounts of purified c-myc protein produced in insect cells, we estimate tht the recombinant lines produce approximately 1 mg of c-myc protein per 109 cells. It is not clear whether insect-and mammalian-cell-produced proteins are equally reactive with the antibody preparations used, and thus this value is subject to verification once purification of the recombinant c-myc protein is completed. It is clear, however, that c-myc is one of the most abundantly synthesized proteins in the cell during the period of recovery from heat shock (Fig. 4) .
The protein produced from these recombinant cell lines has the characteristics described previously for the endogenous mouse c-myc protein (18, 36, 37) . These earlier studies demonstrated that the mouse c-myc protein is a phosphoprotein that runs in NaDodSO4/PAGE as two species of apparent Mr 64,000 and 66,000. In addition to these two species, we see a third, minor species of apparent Mr -75,000. It is not clear whether this is a form ofc-myc present in normal cells or is a byproduct of the overproduction. It is possible, for example, that overproduction of c-myc results in some modification, such as ubiquitination, not relevant to the normal biology of the c-myc protein. All three forms of c-myc are phosphorylated (Fig. 4) .
Overproduction of c-myc Protein Is Cytotoxic. Induction of c-myc in these recombinant lines leads to cell death (Fig. 5) receptor, tend to be present at very low levels. Purification of these proteins is therefore problematic due to both the difficulty of obtaining enough starting material and the necessary degree of purification. We have shown that it is possible to inducibly overexpress such a protein in an appropriate mammalian cell type. This procedure would seem to have a greater likelihood of producing a properly modified, and therefore properly functional, protein than overexpression in a distantly related organism. We have demonstrated that the Drosophila hsp7O promoter is highly inducible even when highly amplified, and that it is possible to obtain significant levels ofprotein using this promoter. The promoter has an extremely low basal level of transcription, allowing amplification of genes whose product is cytotoxic. Because the level of protein production in the recombinant c-myc lines may result from the continued high level of c-myc RNA that persists in these lines, it is not possible to guarantee that a similar fusion expressing a different mammalian protein would result in the same degree of overexpression. The degree of inducibility of the introduced hsp7O promoter in these amplified lines suggests, however, that the procedure we have used for c-myc will prove applicable for inducible overexpression of other mammalian proteins.
